We analyze patterns of genetic variation in extant human polymorphism data from the National Institute of Environmental Health Sciences single nucleotide polymorphism project to estimate human demographic parameters. We update our previous work by considering a larger data set (more genes and more populations) and by explicitly estimating the amount of putative admixture between modern humans and archaic human groups (e.g., Neandertals, Homo erectus, and Homo floresiensis). We find evidence for this ancient admixture in European, East Asian, and West African samples, suggesting that admixture between diverged hominin groups may be a general feature of recent human evolution.
Introduction
One of the enduring questions in human evolutionary genetics surrounds the relationship between modern humans and their ''archaic'' human contemporaries (e.g., Neandertals or Asian Homo erectus). Did the archaic groups die out in the recent past or did they interbreed with modern humans and leave their genes in present-day individuals? Despite a tremendous amount of research on this question, there is still no consensus on what contribution, if any, archaic humans made to the contemporary gene pool (reviewed in Wall and Hammer 2006) .
Two main methods that utilize DNA sequence data are available for determining the evolutionary relationship between archaic and modern humans. The first method involves a direct comparison between homologous archaic and contemporary human DNA sequences. This started with a comparison of mitochondrial DNA between modern humans and Neandertals (Krings et al. 1997; Serre et al. 2004; Green et al. 2008 ) and lately has expanded to comparisons of nuclear DNA between modern humans and Neandertals (Green et al. 2006; Noonan et al. 2006; Krause et al. 2007; Lalueza-Fox et al. 2007 ). Although some of these studies may be flawed due to contamination with modern human DNA (Wall and Kim 2007; Coop et al. 2008) , there seems to be a rough consensus that the contribution of Neandertals to the modern European gene pool was either small or negligible-estimates of admixture rates consistent with the data are generally from 0% to 20% (Serre et al. 2004; Noonan et al. 2006) .
A separate method utilizes only sequence polymorphism data from extant humans. This approach analyzes patterns of linkage disequilibrium (LD) to detect the presence of ancient admixture (Wall 2000; Garrigan et al. 2005; Plagnol and Wall 2006) . It has the advantage of not relying on scarce or damaged ancient DNA samples, making it more generally applicable (e.g., for putative admixture with archaic human groups without ancient DNA samples), but has the disadvantage of making simplifying assumptions about human demographic history that are generally not testable. Application of this indirect approach to European and African sequence data (Environmental Genome Project, cf. Livingston et al. 2004) found strong evidence of ancient admixture (Plagnol and Wall 2006) . This was interpreted as evidence for a substantial contribution of Neandertal DNA to the modern European gene pool, though the method did not allow specific estimates of the admixture proportion.
In this paper, we expand upon the analysis of Plagnol and Wall (2006) by 1) considering a larger data set of 222 genes from the Environmental Genome Project; 2) separately analyzing data from East Asian samples to test for potential admixture with H. erectus or Homo floresiensis; and 3) obtaining point estimates and confidence intervals (CIs) for all demographic parameters, including an estimate of the ancient admixture proportion. Our analysis also corrects a misuse of the popular coalescent simulator ms (Hudson 2002) in our previous study (Plagnol and Wall 2006) . This error changes the qualitative results found earlier, and an updated version of ms is available from R. Hudson's web site. See supplemental note S1, Supplementary Material online,foradescription oftheproblem,aswellasa comparison between the results of this study and those of Plagnol and Wall (2006) .
Methods
We downloaded data from the Environmental Genome Project web site (http://egp.gs.washington.edu) in September 2007 and limited ourselves to autosomal genes where individuals of known ethnicity were sequenced. This left data from 222 genes, comprising a total of 5.3 MB of sequence and over 26,000 total single nucleotide polymorphisms (SNPs). We concentrated on individuals of European, Asian, and African ancestry and analyzed sequence polymorphism data from 22 European-Americans, 12 West Africans (Yoruba), and 24 East Asians (Han Chinese).
We used the polymorphism data to estimate demographic parameters for a two-population model consisting of one African and one non-African population (see fig. 1 ). The European and Asian data were analyzed separately. The model incorporates several features thought to be relevant to recent human history, including recent population growth (Rogers and Harpending 1992; Pluzhnikov et al. 2002; Adams and Hudson 2004 ) and a bottleneck in the non-African population (Tishkoff et al. 1996; Reich et al. 2001; Schaffner et al. 2005; Voight et al. 2005 ). In total, there are six parameters to be estimated: time of onset of population growth in population 1 (g 1 ) and population 2 (g 2 ), the time since the end of the bottleneck in population 2 (t b ), the strength of the bottleneck (b), the time when the two populations split from each other (T), and the migration rate between the two populations (m). Our model employs a fixed bottleneck duration of 1,000 years. Previous work has shown that the effect of a bottleneck on patterns of genetic variation depends primarily on the ratio of the bottleneck duration and the bottleneck strength (e.g., Reich et al. 2001) . So, coestimating both accurately is extremely difficult, and we chose to fix the bottleneck duration for computational convenience.
We follow the same parameter estimation process as in Plagnol and Wall (2006) . Specifically, we summarize the data using several summary statistics, then calculate the (composite)-likelihood of the summarized data on a grid of parameter values. We assume a mean generation time of 25 years and run 5 Â 10 5 simulations for each grid point. The grid uses increments of 5,000 years for population growth and population bottleneck times, 20 for bottleneck strength (the factor by which the population size is reduced), 20,000 years for divergence time, and 1 Â 10 À5 / generation for the migration rate. Simulations assume that recombination rates are constant within loci but vary across loci. (If f 5 q/h, then the mean and variance of f across loci are 0.36 and 0.50, respectively).
Summary statistics are divided into two categories. The first category includes Tajima's D (Tajima 1989 ) from each population, Fu and Li's D* (Fu and Li 1993) in the non-African population, and F ST (Wright 1921 ) between the two populations. Both D and D* are measures of the frequency spectrum, whereas F ST measures the level of divergence between populations. For each parameter combination, we estimate the joint likelihood of these statistics by fitting the data to a multivariate Normal distribution. Coalescent simulations are used to estimate the vector of means and the covariance matrix.
The second category of summary statistics divides the SNPs at a locus into four categories: private SNPs in the Yoruba, private SNPs in the non-African population, shared SNPs with minor allele frequency (MAF) in the total sample 0.1, and shared SNPs with MAF . 0.1. We label these summaries s 1 , s 2 , s 3 , s 4 , respectively. For each branch of the ancestral recombination graph, all mutations on this branch will belong to a single category, so we can estimate probabilities f 1 , f 2 , f 3 , and f 4 that a particular SNP will fall into one of the four categories defined above. Conditional on the graph and the total number of SNPs, the distribution of (s 1 , s 2 , s 3 , s 4 ) is multinomial and can be estimated explicitly by averaging over the computed probabilities for each simulated ancestral recombination graph.
These two sets of summaries are correlated, but we cannot estimate their joint distribution. For computational simplicity, we calculate a composite likelihood by assuming they are independent of each other. We do this separately for each locus, then multiply them together to obtain the overall (composite) likelihood of the data. Given this assumption, it is not clear whether CIs (obtained from standard asymptotic likelihood assumptions) are conservative or not (see also the last paragraph of Methods).
We also calculate a summary of LD, S*, specifically designed to be sensitive to ancient admixture (cf. Plagnol and Wall 2006) . S* looks for population-specific SNPs that are in strong LD with each other (e.g., r 2 % 1). If there were ancient admixture, then ''archaic'' SNPs on introgressed sequences would be in strong LD with each other. Simulations suggest that both the number of such SNPs and the total distance spanned by such SNPs are elevated when ancient admixture occurs (Wall 2000) . S* tries to exploit both of these observations and also tries to account for the effects of intragenic recombination (see Plagnol and Wall 2006 for more details). We determine the significance of S* values from the actual data by running simulations using the previously estimated demographic parameters to obtain a distribution of S* values under the null hypothesis of no (ancient) admixture. Significantly high S* values are interpreted as departures from the null model in the direction of some unknown ancient population structure, though it is not possible to definitively tie these results to specific archaic groups such as Neandertals.
We also employ a likelihood-based method to directly estimate the amount of ancient admixture with putative archaic human groups. To do this, we modify the model shown in figure 1 to include an archaic population that is completely separated from modern humans for a fixed period of time (from 50 to 400 kya [thousand years ago] for putative Neandertal admixture and from 50 to 1,600 kya for putative H. erectus admixture). Then, more recently, this archaic population instantly mixes with the non-African population (see dashed lines in fig. 1 ). We then proceed as before, using the same summaries of the joint frequency spectrum to estimate demographic parameters. This time we coestimate one additional parameter, a, measuring the genetic contribution (ranging from 0% to 100%) of the archaic population to the non-African population's gene pool. We obtain both a point estimate for a (and the other parameters) as well as approximate 95% CIs by estimating profile likelihood curves. For greater precision, the profile likelihood curves were based on 10 times more simulation replicates (5 Â 10 6 ). We emphasize that the estimated values of a are dependent in part on model assumptions, including the recombination model, generation time, and time when the archaic population is isolated.
To test the accuracy of our estimated CIs, we generated simulated data with known parameter values, then used our composite-likelihood machinery to estimate the seven demographic parameters in our model. We tabulated how often the estimated 95% CIs contained the true value of the parameter. Each simulation replicate consisted of 100 loci, each 25 kb in length. We ran five replicates with a 5 0, g 1 5 25 kya, g 2 5 0 kya, t b 5 30 kya, b 5 160, T 5 120 kya, and m 5 7 Â 10 À5 and five replicates with a 5 0.1, g 1 5 35 kya, g 2 5 0 kya, t b 5 35 kya, b 5 200, T 5 60 kya, and m 5 7 Â 10 À5 . The simulated archaic population branched off from modern humans 400 kya and instantaneously admixed 50 kya, comparable with parameters appropriate for putative Neandertal admixture. Each simulation replicate took approximately 3 weeks to run on a quad-core Intel 3.16-GHz processor.
Results
First, we used the sequence polymorphism data from the Environmental Genome Project to estimate parameters of a demographic null model ( fig. 1 ) without any ancient admixture. This null model includes one African and one non-African population, so the European and East Asian data were analyzed separately. Parameter estimates, along with approximate CIs, are given in table 1. In general, these parameter estimates are broadly consistent with estimates obtained from different data sets and with other methods (e.g., Reich et al. 2001; Pluzhnikov et al. 2002; Schaffner et al. 2005; Voight et al. 2005; Keinan et al. 2007 ). We find support for recent population growth (;25-35 kya) in the Yoruba but not in the non-African populations. We also find strong evidence for a recent population bottleneck in both non-African populations, though its estimated timing (30 kya) is more recent than predicted by some versions of the Recent African Origin model, but is compatible with estimates obtained using other methods (Keinan et al. 2007; Lohmueller et al. 2009 ). The fact that the point estimates for t b and b are the same in both non-African populations is probably a coincidence, because we analyzed the two populations separately (see also Discussion).
Next, we compared a range of summary statistics produced by the best-fit model with the corresponding values of the summaries from the actual data (supplemental table S2, Supplementary Material online). In 21 of 22 cases, the summaries from the actual data fit within the middle 95% of the distribution of simulated values (based on 100 replicates of 222 simulated loci), suggesting that the best-fit model provides a reasonable fit to the true data. Although this is not surprising for summaries used in the composite-likelihood calculations (e.g., Tajima's D), it is also true for a summary of LD independent of the parameter estimation process (q, cf. Hudson 2001) . In particular, this suggests that simulations of the best-fit model have overall levels of LD that are comparable with the levels of LD found in the actual data.
We then considered the best-fit model as a null model in a hypothesis testing framework and calculated a statistic (S*) that is especially sensitive to the particular long-range LD caused by ancient admixture (Plagnol and Wall 2006) . We used coalescent simulations to estimate a P value for S* at each locus and for the whole data set. The results were significant for both the European (P 5 4.8 Â 10 À3 ) and the East Asian (P 5 4.2 Â 10 À3 ) data. Interestingly, we also find evidence for ancient admixture in the Yoruba (P , 10 À7 ). A list of all loci that were significant (at the 5% level) is provided in supplemental table S3, Supplementary Material online.
To test the idea of putative ancient admixture further, we modified the model shown in figure 1 to include an additional parameter, a, denoting the proportion of European (or East Asian) ancestry derived from an archaic human population (see Methods). We then calculated the profile likelihood curve for a in both non-African populations ( fig. 2) . We estimate admixture proportions of 14% (95% CI: 8-20%) in the European-American sample and 1.5% (95% CI: 0.5-2.5%) in the East Asian sample. In both cases, the relative log-likelihood for a 5 0 (i.e., no ancient admixture) is significantly lower than the maximum likelihood (likelihood-ratio test, P , 10 À3 ), which provides additional evidence (along with the S* results in the previous paragraph) that ancient admixture occurred. The estimates of admixture rates in Europeans are consistent with estimates of Neandertal admixture obtained from analyses of Neandertal DNA (Serre et al. 2004; Noonan et al. 2006) , though with some caveats discussed below. More information on the parameter estimates obtained as a function of a is provided in supplemental table S4, Supplementary Material online. Sample ms command line parameters are given in supplemental note S5, Supplementary Material online.
Discussion
Understanding demographic history has long been of interest to evolutionary biologists, but there are only a few studies that have used multi-locus genetic variation data sets to infer demographic parameters. Despite the variety of data sets used and the range of models and methods employed, different studies have come to relatively similar results. This study, along with previous ones, has found no signal of recent population growth in non-African populations but a weak signal of recent population growth in West African populations (Pluzhnikov et al. 2002; Adams and Hudson 2004) . Also, as with Keinan et al. (2007) , we find evidence for recent population bottlenecks in both European and Asian population samples. In both studies and both populations, these bottlenecks are estimated to have happened within the last 35,000 years, which substantially postdates the initial migration of modern humans out of Africa and into both Europe and East Asia. Although it is possible that these population bottlenecks were not related to either the migration out of Africa or the colonization of new continents, perhaps a more likely explanation is that there were actually multiple population bottlenecks and that constraining the model to have a single bottleneck leads to an ''average'' time over which multiple events actually took place. When Keinan et al. (2007) incorporate a two-bottleneck model, the estimated timing of the two is compatible with an initial bottleneck associated with the migration of modern humans out of Africa (80-140 kya) as well as a more recent bottleneck (16-18 kya) associated with the last glacial maximum. Given our computationally intensive parameter estimation scheme, it would be difficult for us to obtain comparable parameter estimates. Unlike previous studies, we incorporated admixture between archaic and modern humans as an additional demographic parameter to be coestimated. Interestingly, we could exclude no admixture (i.e., exclude a 5 0) in both of the non-African populations studied. To explore how reliable our composite-likelihood method is in estimating demographic parameters, we also analyzed several simulated data sets with known parameter values. In general, the estimated 95% CIs included the true parameter value roughly 95% of the time (67 out of 70 times). We note, however, that computational constraints limited us to just a few replicates (see Methods).
The question of whether Neandertals contributed to the modern European gene pool has been extensively studied, and our estimate of a in European-Americans, although on the high side, is consistent with previous estimates of Neandertal admixture rates. We caution though that these estimates are not directly comparable because the model in figure 1 does not specify the identity of the archaic human group. So, our results could potentially reflect ancient admixture with any archaic group, not just Neandertals. In addition, our and previous estimates of ancient admixture rates (Serre et al. 2004; Noonan et al. 2006 ) are sensitive to assumptions about the admixture time, Neandertal split time, and other basic parameter values. For example, more recent admixture times and/or older Neandertal split times will lead to lower estimated admixture rates (results not shown).
To our knowledge, the question of ancient admixture in other parts of the world has been relatively neglected by the evolutionary genetics community (but see Garrigan et al. 2005) . We estimate low levels of ancient admixture in East Asia, perhaps with either Asian H. erectus or H. floresiensis. Both archaic groups are thought to have been contemporaneous with modern humans in Southeast Asia within the last 50,000 years (Roberts et al. 1994; Swisher et al. 1996; Morwood et al. 2004) . Homo erectus left Africa more than 1.5 Ma (Swisher et al. 1994; Gabunia and Vekua 1995; Huang et al. 1995) and may have been completely isolated until recent contact with modern humans. This length of isolation is comparable with the length estimated between sister species of chimpanzees and baboons that can potentially hybridize in nature (Vervaecke and van Elsacker 1992; Jolly 2001) . For simulations under our best-fit model, approximately 6% of loci have at least some archaic ancestry (i.e., have at least one sequence that inherited DNA from the archaic Asian population).
Our signal of ancient admixture (as measured by S*) is strongest in the West African samples, though the spotty fossil record in sub-Saharan Africa makes it difficult to speculate about potential source populations or the times and locations of admixture. This said, there was thought to be a substantial amount of hominin taxonomic diversity within Africa during the Pleistocene. We note that our simple two-population model does not allow for any population structure within continental groups, and there may be a substantial amount of unsampled population structure within Africa (e.g., between West Africans and pygmies or San, cf. Wall et al. 2008 ) that serves as a confounding factor. The observation that all (three) populations studied seem to have evidence for ancient admixture suggests that ancient population structure may be a common feature of all contemporary human populations, and this ancient structure may predate the initial expansion of modern humans out of Africa. Future work that estimates the lengths of the putative chunks of sequence inherited from archaic populations may help to estimate the timing of ancient admixture events.
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